This article proposes a tandem cascade constructed to tackle the thorny problem of designing the high-loaded stator with a supersonic inflow and a large turning angle. The front cascade adopts a supersonic profile to reduce the shock wave intensity turning the flow into subsonic, while the rear cascade adopts a subsonic profile with a large camber offering the flow a large turning angle. It is disclosed that the losses would be minimized if the leading edge of the rear cascade lies close to the pressure side of the front cascade at a distance of 20% pitch in pitch-wise direction without either axial spacing or overlapping in axial direction. The 2D numerical test results show that, with the inflow Mach number of 1.25 and the turning angle of 52°, the total pressure loss coefficient of the tandem cascade reaches 0.106, and the diffusion factor 0.745. Finally, this article has designed and simulated a high-loaded fan stage with the proposed tandem stator, which has the pressure ratio of 3.15 and the efficiency of 86.32% at the rotor tip speed of 495.32 m/s.
Introduction
1 By using high-loaded fans/compressors, the number of compressor stages can be remarkably reduced and the thrust-weight ratio of an aeroengine significantly rises. Nowadays, a variety of new technical methods have been developed to improve fan/compressor loading, such as aspiration of boundary layers, splitter blades, slotted blades and otherwise [1] .
For instance, A. A. Merchant, et al. designed an aspirated fan stage with a total pressure ratio of 3.43 and an efficiency of 86.8% at the rotor tip speed of 1 500 ft/s (1 ft =0.305 m) in the Gas Turbine Lab of MIT [2] [3] . However, when the total pressure ratio of a high-loaded fan stage comes beyond 3.0, a supersonic inflow at the stator hub often appears. Meanwhile, a large turning angle is required so that the flow can be easily separated because of the high ad- verse pressure gradient. For example, the inflow Mach number at the stator hub of aspiration fan developed by MIT achieves 1.5, and the turning angle of the stator hub reaches 52°. For this kind of stator, the strong shocks easily turn up in stator passage, and boundary layers are easy to be separated after the shock. Furthermore, a large turning angle would make the separated flow diffusing more seriously. All of these inducements can make the loss increase rapidly. It is rather difficult to design a stator with both a supersonic inflow and a large turning angle. This is the reason why the conventional design of a fan stage with common loading always circumvents the supersonic inflow. Facing the challenge, this article proposes a tandem cascade, in which the supersonic profile is made on the front cascade to reduce the shock wave intensity and the subsonic profile on the rear cascade to provide the flow with a large turning angle. Several years ago, a lot of researchers, who studied tandem cascades, focused their attention on the compressor cascades with a subsonic inflow [4] [5] [6] [7] [8] or on the rotor tip with a supersonic inflow plus a small turning angle [9] [10] . However, to the authors' knowledge, so far nowhere in reference can be found the work
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concerning the stators with a supersonic inflow together with a high turning angle.
Design Methodology
The design of a tandem cascade is carried out on the basis of a Q3D system consisting of the throughflow design plus blade geometry generator. The governing equations of the throughflow design are derived from axisymmetric Euler equations in consideration of viscous body force model. The governing equations are to be solved by using the cell-centered finite-volume Runge-Kutta time-stepping scheme proposed by A.Jameson in 1981 [11] . The artificial dissipation with the second and fourth order is added to the scheme to prevent oscillation in the numerical solutions. Local time step and residual smoothing are used to accelerate convergence. Some information about the comparison between calculated results of this throughflow code and 3D viscous numerical simulation results can be found in Refs. [12] - [13] .
In order to ensure the structural compactness, the total axial length of the tandem cascade should be about the same as a common fan stator.
After the traditional throughflow design procedure, the flow angle distribution in a stator could be obtained. The front and rear blade regions are separated at the point about half the axial chord. The flow angle distribution in the front and rear blade regions is used to generate each blade. Especially, the supersonic blade thickness is added on the camber line of the front blade, and the subsonic blade thickness on that of the rear one.
Before the design process begins, the physical mechanisms of relative pitch-wise position and relative axial position are studied firstly based on a 2D tandem cascade on a chosen stator hub section.
Subsequently, the finding about the best relative position between the front and the rear cascades is applied to the design of a stator for a high-loaded fan stage with pressure ratio of 3.15.
Effects of Relative Positions on 2D Tandem
Cascade Performance Table 1 lists the parameters of the front and the rear cascades of a 2D tandem cascade.
The 2D tandem cascade is modeled by NUMECA software with a finite volume cell-centered scheme and an S-A turbulence model used in the computation. Fig.1 shows that the grid dimension in both axial and pitch-wise directions is 292×130 and the first cell size close to the wall is set to be small enough to ensure
The inlet boundary conditions are: total pressure-310 kPa; stagnation temperature-420 K,flow angle-52° and inlet Mach number-1.25. The static pressure is given on the outlet boundary. 
Effects of relative pitch-wise position
A simple physical model is put forward to figure out the effects of relative pitch-wise position between the front and the rear cascades. As clear to us, a thin profile in external flow can be modeled with a bound vortex suggested in lots of classical books about fluid dynamics such as G. K. Batchelor's [14] , and the same with the rear cascade is shown in Fig.2 .
Because of the inducement of the bound vortexes shown in Fig.2 , the suction surface (SS) of the rear cascade has a much higher local velocity. It results a much lower pressure acting an aspirating effect on the blockage of the front cascade and can guide the wake downstream, which is very similar to the thinned boundary layer caused by aspiration of low-pressure holes or slots. Whereas, the pressure surface (PS) of the rear cascade has a blockage effect, which makes the front blockage rise and the front wake hard to flow downNo.1
Li Qiushi et al. / Chinese Journal of Aeronautics 23(2010) 9-14
· 11 · stream owing to a stronger adverse pressure gradient [15] . Consequently, it is propitious for arranging the leading edge (LE) of the rear cascade close to the PS of the front cascade. This physical model is verified by 2D CFD analysis as follows. Fig.3 illustrates four different relative pitch-wise positions, with t/s equaling 20%, 50%, 80% and 90% in the Cases A, B, C and D respectively. s is the pitch, and t is the pitch-wise distance between LE of the rear cascasde and trailing edge (TE) of the front cascade. From Fig.4 , it is understood that the total pressure loss coefficient total reaches the minimum when t/s equals 80% in Case C, where the LE of the rear cascade lies close to the PS of the front cascade at the distance of 20% pitch, but when the LE of the rear cascade gets closer to the PS of the front cascade like in Case D, the total increases again. It could presumably be ascribed to the interaction between the front wake and the boundary layer on the rear suction side. In Case D, there is an increase in the blockage near the SS of the rear cascade. Fig.4 Effects of pitch-wise position on total pressure loss coefficient. Fig.4 reveals that the change of the total pressure loss coefficient is mainly due to the change on the rear cascade. The losses at the front cascade are almost the same because the shock wave is the main source of losses in the front cascade. The performance parameters in different cases are shown in Table  2 , which says the total pressure loss coefficient attains 0.106 and the diffusion factor D = 0.745 in Case C. Fig.5 demonstrates the flow fields at different relative pitch-wise positions. The movement and diffusion of the front wake in the rear cascade passages are known as one of the main factors that exert enormous influences upon the total pressure loss coefficient. In Case A, the wake of the front cascade hits on the PS of the rear cascade, which puts up serious resistance to the wake, thereby increasing the blockage and aggravating the flow near the PS of the rear cascade. As a result, the flow on the SS of rear cascade accelerates badly. With the inlet Mach num- 
No.1 ber of 0.8 just in front of the LE of the rear cascade, the peak Mach number on the SS of the rear cascade achieves 1.16, which causes a large adverse pressure gradient after that and possibly leads to flow separation. In Case B, the front wake is better controlled than in Case A, but worse than in Case C, in which a stronger aspiration effect would present when the wake is much closer to the SS of the rear cascade. On the other hand, a blockage effect would happen as there being a high stagnation pressure at the LE of the rear cascade. When the LE of the rear cascade lies closer to the PS of the front cascade like in Case C, the flow near the PS of the front cascade would be decelerated to the extent that the inlet Mach number attains only 0.64 just in front of the LE of the rear cascade. At this time, the peak Mach number on the SS of the rear cascade is merely 0.74 much less than in Cases A and B, making the adverse pressure gradient after the peak Mach number on the SS of the rear cascade small enough to suppress the possible flow separation on the SS of the rear cascade.
Nevertheless, if the rear cascade is further arranged closer to the PS of the front cascade than in Case C but like in Case D, the wake of the front cascade would hit on the SS of the rear cascade, refraining the boundary layer from further developing on the SS, resulting in rise in the total pressure loss again.
From stated above, it can be concluded that the best relative pitch-wise position means the rear cascade located at a distance about 20% pitch from the PS of the front cascade. This finding for a tandem cascade with a supersonic inflow is very similar to that for a traditional subsonic tandem one.
Effects of relative axial position
The study on the effects of relative axial position upon the total pressure loss is performed for Case C as it is evidenced the best choice of relative pitchwise positions. Fig.6 shows the five different axial spacings, where, apart from Case C here consistent with Case C in Section 3.1, the spacing in Cases A' and B' are negative while in Cases D', E' and F' positive. The ratios of axial clearance and chord of the rear cascade C 0 /C 1 for Case A' is 10%; for Case B', 5%; for Case C', 0; for Case D', 5%; for Case E', 10% and for Case F', 15% respectively.
From Fig.7 , it is discovered that Case C remains the best one where the total pressure loss coefficient is minimal. This is quite different from the traditional subsonic tandem cascade, which, because a negative axial spacing to overlap is able to form a convergent slot between the front and the rear cascades, is beneficial for the flow to accelerate in it. Further, the accelerated flow can blow away the boundary layer and add energy into the boundary layer on the rear cascade. It makes flow on SS of the rear cascade not easy to separate. However, in the supersonic tandem cascade under study, the effect of blowing away the boundary layer because of a "formed slot" is seldom. It is well known that controlling the diffusion process would become very difficult if the Mach number on the SS is accelerated to be supersonic. This is the reason why in a supersonic tandem cascade, non-overlapping is a preferred choice. Nevertheless, because in Cases D , E and F , the mixing losses increase in the axial spacing and the aspiration effects of the rear cascade weaken when the axial spacing widens.
As for the effect of axial spacing on the loss, it is much smaller than that of the relative pitch-wise position. By comparing Fig.4 to Fig.7 , it is unveiled that the disparity in the losses caused by different axial spacings is also much smaller than by different pitch-wise positions.
In summary, for a 2D supersonic tandem cascade, the best relative pitch-wise position should be that the LE of the rear cascade is at a distance of 20% pitch from the PS of the front cascade without either axial spacing or overlapping just like in Case C. This finding can be applied to the design of the stator in a high-loaded fan, which will be introduced in the following section.
Application to Design of High-loaded Fan Stages
A high-loaded fan stage is designed by a code with time-matched through flow and the blade generator of arbitrary camber line. Designed performance parameters are as follows: pressure ratio is 3.15; efficiency is 86%, and rotor tip speed is 495.32 m/s. The fan stage is analyzed by Fine-Turbo code with 544 145 grid nodes. The size of first cell close to wall is set to ensure y <10. An S-A turbulence model is used in the simulation process. The tip clearance of rotors is set to be 0.5 mm equivalent to 0.227% of casing radii. Fig.8 illustrates the fan stage geometry. The relative position of the front and the rear cascades in the stator is designed according to the above-acquired finding. Fig.9 displays the performances of the design with the pressure ratio of 3.15 and an efficiency of 86.32% at the peak efficiency point, which meets the predetermined design goals. Now that the main concern is whether the high performances at the peak efficiency point could be obtained, so the stall margin is not confirmed in this article. This is because the stall margin is another knotty problem in designing this kind of fan stage, due to the strong shock wave in both rotors and stators and, besides, it is also difficult to compute the flow field near stall accurately through steady simulation. 10 shows the blade-to-blade flow fields at the peak efficiency points of 5%, 50% and 90% span respectively. It indicates a nice and good controllability for flows not only in rotors but also in stators.
At the 5% span, especially, in order to enhance the loading capability of the rotor hub, its camber angle reaches so high a value of 73° that the inlet flow there becomes supersonic and has a much higher flow angle. In the tandem stator, a weak shock wave appears in the front cascade of the stator without observable flow separation. Meanwhile, the inlet Mach number just in front of the LE of the rear cascade is only 0.6, which is beneficial for the diffusion process and deflection in the rear cascade. As a result, the flow separation of the rear cascade turns very small (see Fig.10 (a) ).
As regards the flow fields at the middle and near the shroud span, there is no distinct separation in the stator (see Figs.10 (b) and 10(c) ).To sum up, the proposed supersonic tandem cascade could bring flows in a stator under nice control at the peak efficiency point.
Conclusions
The analysis on the 2D supersonic tandem cascade indicates that the best relative position of the rear to the front cascade is that the LE of the rear cascade should be at a distance of 20% pitch from the PS of the front cascade pitch-wise without either axial spacing or overlapping in the axial direction. This is because such a position makes for fuller utilization of the aspiration effect of the SS of the rear cascade on the wake of the front cascade to reduce the inflow Mach number in front of the LE of the rear cascade to a small value. Of the test results from different cases, the best one evinces that the total loss coefficient can attain 0.106 and the diffusion factor 0.745 with an inlet Mach number of 1.25 and a flow turning angle of 52°.
By adopting the finding and concerning the best relative position of the front to the rear cascade of tandem cascade, a high-loaded fan stage with a rotor-tip speed of 495.32 m/s has successfully been developed. Having satisfied the design goals, the fan stage comes into possession of a pressure ratio of 3.15 and an efficiency of 86.32% at the peak efficiency point.
